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ABSTRACT

Monofilaments of poly(ll-amino-undecanoic acid) (nylon 11), and poly-

(laurylacta~n) (nylon 12) have been produced via solid state extrusion in

an Instron :apillary rheometer. The resulting morphology plus physical and

mechanical properties were investigated. For nylon 11, crystalline melting

point (Tm) increase 16'C at an extrusion ratio (ER) of 12, over the undrawn

material, while percent crystallinity (X c) was up 23%. Nylon 12, extruded

to a maximum ER of 6, realized an increase in T of 4°C at ER=5 and an Xc

increase of 14%. Young's modulus for nylon 11 increased from 3GPa at an

ER=3 to 5.5 GPa at an ER=7, then levelled off at higher draw. For nylon

12, the value climbed from 2.5 at ER=3 to -3.3 GPa at ER:5.5. Conventionally

melt-spun and cold-drawn nylon 11 fibers exhibit a Young's modulus of 2.7

GPa; nylon 12 fibers, 2.9 GPa. Atmospheric moisture loss was found not to

affect solid state extrusion of these higher nylons. Increases in extru-

sion temperature and/or pressure increased extrusion rate. The flow acti-

vation energy of nylon 11 was 73 Kcal/mole at 0.24 GPa extrusion pressure,

and 124 Kcal/mole at 0.49 GPa. Calculated apparent viscosities were -1014

poise and -1015 poise respectively. The morphologies were shown by electron

microscopy to be microfibrillar and the resulting monofilaments were trans-

parent to visible light.



INTRODUCTION

Solid state extrusion of high density polyethylene has provided films

and fibers of exceptionally high modulus and tensile strength (1,2). It was

thought that studies with the hydrogen-bonded nylons would expand the state-

of-the-art of crystalline-state extrusion into polymers with higher melting

points. The higher nylons were chosen for initial studies because of their

longer olefinic segments.

This study involves the process-structure-property relationships of nylon

11 [poly(ll-amino-undecanoic acid)] and nylon 12 [poly(laurylactam)] extruded

in the crystalline state. Discussion of results is divided into parts on

nylon 11 and on nylon 12.
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EXPERIMENTAL

Solid state extruded nylon morphologies were prepared in an Instron cap-

illary rheometer by the technique detailed previously (3). Variations on the

process included crystallization and extrusion at several temperatures and

pressures, as well as extrusion at constant rates (fixed crosshead speed) up

to a predetermined maximum pressure. When the maximum pressure was attained,

the load was cycled between narrow limits to maintain near constant pressure.

Differential scanning calorimetry (DSC) was performed on the starting

nylons and extrudates with a Perkin-Elmer DSC-lB at a heating rate of 100C-

min -I to yield heats of fusion (converted to percent crystallinity, Xc) and

crystalline melting points, Tm. Entropy of fusion was calculated from the

above parameters through their thermodynamic relationship.

A Perkin-Elmer TMS-l thermomechanical analyzer attachment to the DSC-IB

was used for measurement of the linear expansion coefficient, a. Sample prep-

aration for this test was as previously described (4). A load of 3 grams was

used with the expansion probe, and the scanning rate was 10 C-min -l . Test

sample length was approximately 1 cm. Scans were made from -140 0C up to 1900 C.

For studies of fiber mechanical properties, an Instron tensile testing

machine, model TTCM, equipped with a 10 m strain-gauge extensometer, was used.

Load-elongation curves were obtained at room temperature using a fixed elon-

gation rate of 0.02 cm-min - for modulus measurements and 0.50 cm-min -1 for

determination of tensile strength and 5tra*n at break. Samples were gripped
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in special clamps described elsewhere (1) to prevent slippage in the jaws.

Nevertheless, slippage occurred during testing of nylon 11 ultimate properties,

rendering impossible determination of tensile strength and strain at break.

Strain rates for determination of Young's modulus and tensile strength (nylon

12) were 3.33 x l0-4 sec-1 and 1.67 x l0 3 sec -1 , respectively. The Young's

modulus was determined as the tangent to the stress-strain curve at 0.2% strain.

Dilute solution viscosity measurements were conducted in a silicone oil

bath using a #100 Ubbelohde viscometer. The solvent was m-cresol and test

temperature was 500C. Efflux time for the solvent was - 300 sec.

Part I - Nylon 11

Introduction

The nylon 11 used was supplied by the Rilsan Corporation, Glen Rock, New

Jersey, having a reported Mw = 34,000 and Mn = 13,000. The crystalline melt-

ing point of the as-received material was 189°C and the heat of fusion, 11.26

cal-gm This corresponds to - 21% crystallinity, as the heat of fusion for

100% crystalline nylon 11 has been calculated to be 53 cal-gm-l (5,6).

The principal crystal structure of nylon 11 has been investigated

(7-9) and found to exist in a planar zigzag conformation. The

unit cell contains one monomer unit and is triclinic, having dimensions a =

4.9A, b = 5.4, c (chain axis) = 14.9; a = 490, B = 770, y = 630 (7). Poly-

morphism exists in nylon 11 as it does in virtually all the polyamides.
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Above 700C, Genas (B) found that the a,b (basal) plane of the triclinic cell

assumes pseudohexagonal packing. Onogi, et. al (9) observed that quenched

film of nylon 11 contains y (pseudohexagonal) crystals, whereas film solution-

cast from m-cresol contains a (triclinic) crystals. When films containing

y crystals were annealed above 900C, they transformed into the a modification.

This y -a transformation can also occur on stretching (lO).

Figure la is a wide angle x-ray photograph of a nylon 11 extrudate solid

state extruded to an extrusion draw ratio of 7. The diffraction pattern is

consistent with that for the a (triclinic) modification. It has been suggested

(11) that the "parallel" structure of nylon 11, wherein the polar amide

groups are tilted with respect to the chain axes, represents a stronger hydro-

gen bond association than does the "antiparallel" modification. This is con-

sistent with the triclinic unit cell generally observed at room temperature

(7-9). The parallel modification arises when neighboring chains lie all

in the same direction. In the antiparallel form, the chains alternate in dir-

ection. There is a difference between the two forms because the sequence of

chain atoms encountered in going along the chain in one direction for W-amino

acid polyamides is the reverse of that found in traveling in the opposite dir-

ection (12). For the odd w-amino acid nylons such as nylon 11, both the par-

allel and anti-parallel forms allow complete hydrogen bonding (7,13). Such

is not the case for the even w-amino acid nylons (e.g. nylon 12), discussed

in Part II.
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The effects of pressure on the crystallization and structure of nylon

11 have been reported (14,15). Gogolewski and Pennings (14) found that pressures

exceeding 3 Kbar (0.29 GPa) and temperatures higher than 230°C are sufficient

for growth of chain-extended crystals, either by pressure-induced crystalli-

zation from the melt or by annealing of the folded chain crystals. They note

that the a (triclinic) crystalline modification, commonly found for folded

chain crystals of nylon 11, was preserved in the high pressure crystallization

and annealing experiments. They concluded that during the initial stages of

crystallization under pressure, folded chain crystals are formed, with a crys-

talline order and long spacing larger than that of the starting nylon 11.

These authors noted a 160C/Kbar melting point increase with pressure.

Newman, et al. (15), performed a detailed x-ray structure analysis on

nylon 11 at various temperatures and pressures. They concluded that the chain

conformation of Slichter (7) was distorted (shortened) along the c-axis at

ambient temperature and pressure. No phase transformations from the a crys-

tal structure were observed at room temperature up to pressures of 19.5 Kbar

(1.9 GPa). However, a crystal transition at atmospheric pressure was observed

at 950C, the triclinic (a phase) changing to a pseudohexagonal structure.

It was found that the increase in transition temperature with pressure was

15°C/Kbar.

DTA measurements by Gordon (16) show that the commonly observed glass

transition at 430C disappears if a sample is annealed at 750C for 24 hours.

-
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A transition appears instead at 920C. However, after 3 days at room temper-

ature, samples show transitions at both 40 and 920C. He concludes that the

type of hydrogen bonded network formed from the melt depends on the tempera-

ture of formation and the break-up of such networks is responsible for observed

glass transitions. He postulates that the network formed at the (ambient)

annealing temperature is relatively stable, but the continuing motion of the

paraffinic segments leads to generation of another network.

Further work on transitions in nylon 11 was reported by Northolt, et al.

(17). Results from DSC, tensile testing and wide angle x-ray measurements

on oriented samples aged at various temperatures revealed that the glass tran-

sition in nylon 11 shifted to higher temperatures as samples were aged at pro-

gressively higher temperatures. This was seen as resulting from amorphous

phase hydrogen bond weakening at the higher (aging) temperatures and their

subsequent orientation and reformation. No effect of moisture on transitions

was reported.

The presence of several relaxations in nylon 11 has been observed by Onogi,

et al. (9 ) in dynamic mechanical spectra. They suggest that the primary,

ie. glass transition, relaxation is at - 700C with a smaller relaxation at

-500C. Another relaxation is seen at - +160 0C. This dispersion may be analo-

gous to the a transition in polyethylene at from 80 - 100°C (18).

.. .... . .... . . . .... ... ..L 7 .__ l l l~ l .. ... .... ...... ... . ... ... .. .... . .. .... m ..... m. .... ..
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L,,perimental Results

The effect of extrusion temperature and pressure on extrusion rate is

shown in Figure 2. This is a plot of extrudate length vs. extrusion time at

two temperatures and Fressures. Extrusion pressure in the lower time curves

is 0.24 GPa (2400 atm). As expected, the higher extrusion temperature results

in an initially higher extrusion rate. However, both extrusion rates reduce

with time and essentially stop. The upper curves in Figure 2 show the effect

of extrusion temperature on extrusion rate at a (maximum) extrusion pressure

of 0.49 GPa (5000 atm). Although the initial extrusion rate is also slightly

higher at higher extrusion temperature, at long times the two (extrudate length

vs. extrusion time) curves diverge whereas at the lower pressure the two curves

converge. Also at the higher pressure, the curves at both extrusion tempera-

tures do not tend to zero at long times, although their slopes are decreasing.

Table 1 shows the results of dilute solution viscosity measurements on

both virgin nylon 11 pellets and on fibers extruded at several temperatures.

The lack of viscosity change with time, at any extrusion temperature, indicates

that the polymer did not undergo degradation during extrusion.

The effect of moisture content on the extrusion rate of nylon 11 is shown

in Figure 3. One sample (circles) was dried in a vacuum oven at 100°C for

24 hours then stored in a desiccator over P205 under vacuum. The triangles

represent data for nylon 11 which had no conditioning prior to processing.

All points fall on the same curve indicating negligible effect of adsorbed water



on extrusion rate. A third sample was immersed in steam at atmospheric pressure

for 71 hours. Upon removal of the restrictor at the beginning of extrusion,

the extrusion pressure immediately dripped toward zero and a foamed melt rap-

idly extruded.

The effect of pulling on the emerging extrudate is shown in Figure 4.

Nylon 11 was extruded at 0.49 GPa and 1940C and a 5 kg weight was attached

to the extrudate. The initial extrusion rate was somewhat faster than under

the same conditions but without attached weights. However, at long times no

significant increase in extrusion rate was observed on pulling.

Figures 5 - 7 illustrate several physical properties of solid state ex-

truded nylon 11 and their relationship to extrusion (draw) ratio (ER). Fig-

ure 5 shows a rise in Tm with ER to about 205 C at an ER of 12. This repre-

sents a 16 C increase over the undrawn virgin material (ER 1). Percent crys-

tallinity (X c) as measured by DSC vs. ER is shown in Figure 6. Crystalline

content also increases significantly with ER from - 21% to - 44% at an ER of

10. At ER = 12, the lower values may be experimental error. Figure 7 shows

that the entropy of fusion (LSf) rises steeply to ER = 3 and then approaches

a limit.

Figure 8 is a plot of Young's modulus vs. ER. The maximum value attained

was - 5.5 GPa, obtained at an ER of 7, remaining constant thereafter. This

compares to a Young's modulus of 1.3 GPa exhibited by injection molded parts,

and 2.7 GPa obtained from coime-cially spun and erawn filaments.

--. -
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Part II Nylon 12

Introduction

The nylon 12 used in this study was supplied by Dr. Akiro Kishimoto of

the Toyo Seikan Company, Limited, Yokohama, Japan, having a reported Mw  28,600

and a Mn = 14,300. The crystalline melting point of the as-received material

was 179 0C and a heat of fusion of 10.0 cal/gm corresponding to 18.5% crys-

tallinity for a heat of fusion of 100% crystalline nylon 12 reported to be

54 cal/gm (6).

The crystal structure of nylon 12 has been found (19,20) to be a y mod-

ification wherein the chains are twisted about the methylene groups. The con-

formation iz planar zigzag. Inoue and Hoshino (20) prepared a sample by draw-

ing - ';onofilament 3.6X in boiling water then annealing it at 1600C for 10

1ours. They found a monoclinic unit cell resembling the y-form of the other

even nylons. From x-ray data they calculated the monoclinic unit cell dimen-

0 0 0 osions as a = 9.38A, b = 32.2A (fiber axis), c = 4.87A and a = 121.5 . There

are four repeat monomer units per unit cell. Northolt, et al. (19), found

that nylon 12 may exist in two different forms. Melt-pressed sheet, quenched

in ice water, drawn 4.5X at room temperature, and annealed at 170 C at constant

length for several hours under nitrogen, revealed a hexagonal unit cell. Melt-

pressed sheet, quenched in ice water, drawn 7X at just under 1800C, and cooled

under stress to room temperature, exhibited what appeared to be a mixture of

mono- and triclinic unit cell structures. No transition to the a-form,
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wherein chains are antiparallel, is observed for nylon 12 upon stretching or

treatment with aqueous phenol. It was therefore concluded that the y-form

of nylon 12 is more stable than for nylon 6, nylon 8 or nylon 10. This led

to the conclusion that the longer the molecular chain in the even nylons, the

more the crystal shows a tendency to form the y-phase ( O 21) Nylon 12 is

is always found in the "parallel" modification (13) wherein neighboring chains

are all in the same direction. Because this would result in 50% free NH groups,

a twisting of the molecule is necessary for the observed complete hydrogen

bond formation. This twisting causes a shortening of the unit cell along the

chain (b) axis and results in the y-form of the crystal. The wide angle x-ray

diffraction pattern shown in Figure lb is a typical pattern for the --phase

of the even nylons. The strong intensity of the meridional diffraction spots

results from the carbonyl oxygen atoms all lying in planes perpendicular to

the fiber axis (21).

Crystallization and annealing under high pressure (4.9 Kbar - 0.48 GPa)

was carried out by Stamhuis and Pennings (26). They noted that a nartial transfor-

mation of the pseudo-hexagonal or monoclinic y-crystal structure to an a mod-

ification occurred in samples crystallized at 2400C and 4.9 Kbar for 16 hours.

In the pressure range up to 3 Kbar (0.29 GPa) the increase in melting tempera-

ture was - 200C/Kbar, whereas at a pressure of 8 Kbar (0.78 GPa), the relation-

ship was found to be 12 C/Kbar. The authors observed no chain-extended crys-

tals, although a broadening of the distribution of crystal dimensions was noted

at the higher crystalliiZ, .... ressures.



Onoci, et al. (9), found no evidence of an c-type relaxation for nylon

12 (as for polyethylene) by dynamic mechanical tests, as they did for nylon

11 at - 1600C.

Resu Its

The effect of extrusion temperature on extrusion rate is shown in Figure

9. The initial rate is higher at the higher temperature but after 15 minutes

the rates are both slower and equivalent. At longer extrusion times, the lower

terperature extrusion rate begins to level off, while the higher temperature

e:trusion rate con.inues to increase, albeit more slowly than at short times.

Figure 10 shows the effect of crystallization/extrusion pressure on crys-

tailine melting point (Tm) and percent crystallinity (X c) of solid state ex-

truded nylon 12. 'ystallization and extrusion pressures were equal and as

shov.r' 4n this ftl2ure, T decreases linearly with extrusion pressure from 0.12

to J 4 ,SPa, Llen remains constant, whereas percent crystallinity rises steadily

.i-:h extrusion pressure to 0.24 GPa before levelling off.

The influence of crystallization/extrusion temperature on the crystalline

:e~ng ,;oint and crystallinity for nylon 12 fibers is shown in Figure 11.

r.- c<y:;ta1.tior, and extrusion temperatures were equal, and as shown, the

;:-nc jirt :,reased about 30C as crystallization/extrusion temperature

,.a; increased from 176 to 196 0C. The crystallinity rises from - 19% to - 30%

f ,r ,r ;ncrease in crystallization/extrusion temperature of 8°C, then levels

o j e higher preparation and extrusion temperatures.
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Figure 12 shows an increase in Tm from 179°C for undrawn material (ER

1) to 1830 C for fibers extruded to an ER of - 5, whereas the crystallinity

increased from 19% from undrawn to 33% for extrudates drawn to about 6X. Both

curves indicate significant increases in crystalline perfection with increas-

ing ER.

Figure 13 shows that the entropy of fusion (ASf) exhibits an initial sharp

increase with ER followed by a more gradual increase at higher values.

Thermomechanical analyses were performed on nylon 12 fiber at an extru-

sion ratio of 5 (Figure 14). This is a semi-logarithmic plot of the normal-

ized change in length of the fiber, i.e. orirntation direction, vs. scanning

temperature. The upper curve is for a melt extruded (disoriented) fiber whereas

the bottom curve depicts the behavior of a solid state extruded fiber (ER = 5)

of the same nylon 12. The melt extruded fiber has a large positive expansion

coefficient (slope of the curve) up to the melting point of 179 0C. The solid

state extruded fiber has a smaller positive expansion coefficient up to -70 C,

then contracts rapidly on further heating. Results of temperature cycling

in the TMA experiment are shown in Figure 15 and are discussed in the next

section.

Figure 16 shows the change in Young's modulus with ER. For an increase

in extrusion ratio from 3 to 5.5, the tensile modulus gradually increases from

2.6 to 3.3 GPa. Mechanical data are compared in Table 2 for molded, commer-

cially melt-spun and cold-drawn, and solid state extruded (ER = 5.5) samples.
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EISCUSS1ON AND CONCLUSIONS

Several factors come into play during the solid state extrusion of nylon.

As with other polymers, strain hardening (defined below) plays an important

role, as does molecular weight and conditions for preparation of morphology

prior to extrusion. Nylon extrusion is also affected by the hydrogen bonding

of amide groups o)etween ..hains. These bonds have a dissociation energy of

- 8 Kcal/mole and serve to tie nylon molecules together. They exist in the

noncrystalline as well as crystalline regions of nylons (23).

The influen-e of intermolecular hydrogen bonding on the flow of polymer

nelts has been investigated (24) with copolymers of ethylene and acrylic and

methacrylic acids. An interesting result is that an increase in the amount

,f hydrogen bordig substantially enhances both flow activation energy and

v is ces i ,. I. tsI- sense. the lower nylons, such as -66 and -6, may be diffi-

cult to suld state extrude because of their abundant hydrogen bonding which

inhibits sliding displacement along consecutive hydrogen bonded planes, a common

deformation mode (25).

The ef'ec" of :-)rfe-sre on hydrogen bonding has not been widely investi-

pated, out tere s e..cenoe (26) that increasing pressure causes a decrease

in .h s i! c, 'r-> n planes containing the hydrogen bonds as well as

Det'wern the ioe- . van der Waals interactions. This compressed struc-

ur- ',oud . H.. r dtard flow in solid state extrusion.
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Flow activation energies (E a) were calculated for nylon 11 in this study

at two extrusion pressures using the equation

d(In n Ea (1)

d(l/T) R

where T = extrusion temperature (K); R = gas law constant; n = apparent vis-

cosity, calculated from

a

n dL 1 (2)

where a = shear (applied stress); shear rate; L = length of extrudate

where calculations were made.

The (apparent) activation energy doubled (73 to 124 Kcal/mole) with a

doubling of extrusion pressure (0.24 to 0.49 GPa). Apparent viscosities dur-

ing extrusion were calculated as - 1014 poise at 0.24 GPa extrusion pressure

and - 1015 poise at 0.49 GPa, both measured at 190 0C. High density polyethy-

lene extruded in the solid state exhibits an apparent viscosity of 1012 - 1013

poise. Mead and Porter (27) found the flow activation energy of a high den-

sity polyethylene to be between 20 and 60 Kcal/mole when the polymer was solid

state extruded at temperatures in the vicinity of the ambient melting point.

Measurements were made at 0.24 GPa where the corresponding nylon 11 value was

73 Kcal/mole.

Nylon 11 exhibits a transition at 160 0C whereas nylon 12 shows no such

high temperature transition as detected by dynamic mechanical testing (9).

.. ...I.. ........ ..i ..... .................. ........2 _ .......:. ..
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This (,t) transition may well be responsible for the achievement of higher ex-

trusion ratios and faster extrusion rates with nylon 11. Such relaxations

are widely reported for other semicrystalline polymers, including polyethylene.

They are generally believed to result from the onset of motions within the

crystalline phase. Hashimoto, et a!. (28), believe that the a transition in

polyethylene results from orientation dispersion of crystallites accompanied

by shearing of mosaic crystallites within the lamellae, and from molecular

motion within the crystals. Other investigators have postulated kink (29,30)

or twist (3!) crystal defect motions, and chain rotation (32-34) as responsible

for the observed a relaxation in polyethylene. These processes may actually

occur in nylon 12 but be undetectable by dynamic mechanical testing due to

their small magnitude (33). In any case, such motionis in the crystalline

phase should aid the extrusion process by imparting mobility.

Strain Hardeninq

Strain hardening is a phenomenon which is commonly observed on drawing

semicrystalline polymers below their Tm, and usually somewhat below T for

amorphous polymers. During strain hardening the molecules become oriented

parallel to the deformation direction. For semicrystalline polymers such as

the nylons, the original crystal lamellae are broken up during deformation

aid aligned in the orientation direction to form microfibrils (35,36). Fig-

ures 17 and 18 are scanning electron microscope (SEM) photographs of solid
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state extruded nylon 12 extrudates fractured along the draw direction. Micro-

fibrils can plainly be seen at each magnification. A result of this fibrillar

(non-spherulitic) morphology wherein crystals are fairly uniform in size and

perfection is shown in Figure 19. This depicts two extruded nylon 12 fibers

photographed over print. The top fiber was melt extruded and is spherulitic

and opaque, whereas the bottom fiber was extruded in the crystalline state

and is transparent.

With the high nominal-extrusion-ratio dies commonly used in this labor-

atory, extrusion ratio (ER) of the extrudate increases with extrudate length.

In the case of high density polyethylene, maximum attainable ER is limited

by a fracture mechanism at extrusion ratios > 40. The nylons investigated

in this study also exhibited limiting extrusion ratios. Nylon 12 exhibited

a maximum ER of - 7, and nylon 11 at - 12. In most cases, however, maximum

ER were limited not by fracture of the extrudate, as is the case with polyethy-

lene, but rather by the virtual cessation of extrusion. In other words, at

long times (> 8 hours), extrusion rates for the nylons declined to < 1 mm/hr.

Strain hardening of these polymers apparently reaches the point where even

0.49 GPa is insufficient pressure to force them through the die.

Pressure

The effect of crystallization pressure on nylons 11 and 12 has been in-

vestigated (14,22). The pressure range used in the present study for nylon

12 is below the pressure necessary for nrn, +th of extended chain crystals.

The results presented here for nylon 12 indicate that, for the pressure range

investigated, increasing crystallization/extrusion pressure causes the forma-
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tion of a greater amount of crystals, but that these crystals are smaller in

size and/or perfection. One would expect such increases since the undercool-

ing is less at higher crystallization temperatures at a given pressure. The

results may dii.er for conditions where pressure can produce extended-chain

crystals (22).

MELTING BEHAVIOR

Both melting point and heat of fusion (here converted to percent crys-

tallinity) are related to the entropy of fusion by

aGf = AHf - Tm ASf (3)

where G Gf = Gibbs free energy of fusion; AHf = enthalpy (heat) of fusion; Tm

melting temperature in degrees Kelvin; ASf = entropy of fusion. Tonelli (37)

divides the entropy of fusion into two components, a constant volume contri-

bution and a volume expansion contribution.

In the pre ent study, the crystalline melting point increases more rap-

idly than the percent crystallinity. This may result from the small increase

in entropy of fusion plotted against extrusion ratio in Figures 7 (nylon 11)

and 13 (nylon 12) along with the relationship given in Equation (3). Such

entrc Dy beinavior is expected from Tonelli's conclusions since both nylon 11

and 12 are known to exhibit polymorphism at elevated temperatures and/or under

conditions of solid state deformation (7,5,15,16,19).

THEiRIOMPhAM,,%CAL ANiALYSIS

Tnermomechdnical analysis (TMA) can be used as a qualitative measure of

chair orientation and extension for measurements along the fiber direction.
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Solid state extruded nylon 12 samples all showed an initial positive expansion

coefficient that was smaller than the corresponding melt extruded sample (Fig-

ure 14). As the scanning temperature was increased, solid state extruded fibers

irreversibly contracted in all cases at < 00C. The initial small positive

coefficient of expansion is due to orientation and possibly a small component

of extended chain crystals which counteract the large positive coefficient

arising from unoriented amorphous and folded-chain regions (38).

A solid state extruded sample of nylon 12 was heated from -130 0C to 150 0C

in the thermomechanical analyzer and then cooled again to -1300 C followed by

another heating cycle. The behavior on initial heating was as just described.

However, upon recooling, the sample at first expanded (in the axial direction),

then reached a constant length which did not vary (with cooling and reheating)

from -250C on the cooling cycle to - 00C on heating cycle (see Figure 15).

Beyond this point, the sample shortened with increase in temperature up to

the melting point as reported earlier for solid state extruded nylon 12. The

plateau in Figure 15 apparently results from annealing of the morphology dur-

ing the first heating cycle wherein hydrogen bonds are given sufficient mobility.

The new structure is more stable and retains its dimensional stability up to

- 0°C above which instability occurs. In the temperature range 0 - 1500C (dur-

ing heating), the fiber behaves the same before and after thermal treatment.

This state likely consists of unoriented amorphous and crystalline regions

stabilized by hydrogen bonds, along with an oriented and possibly an extended

chain component which survives thermal annealing (at least up to 1500C).
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MODULUS

Young's modulus of nylon 11 increases more rapidly with draw than nylon

12. However, beyond an ER of 7, the nylon 11 modulus remains constant. Be-

cause the tensile modulus of high density polyethylene begins to sharply in-

crease only at extrusion ratios greater than 10, the nylons' potentially high

mechanical properties may be realized only when higher ER's are attained.

At any rate, nylon 11 fibers cold extruded in this study at an ER of 7 show

an 80% increase in tensile modulus over commercial monofilaments. Nylon 12

fibers at an ER of 5.5 display a modulus equal to commercial monofilament.

In conclusion, the nylons appear to offer the promise of highly improved

physical and mechanical properties if higher extrusion ratios can be realized.

By the incorporation of certain additives prior to crystallization and extru-

sion, this may be possible. Anotl;er route may be the split billet technique

recently developed in this laboratory (39). In the present study, mechanical

tensile modulus was equal to or greater than that reported in the literature

for these polymers. The melting point and crystallinity were significantly

increased over virgin material. Further work on nylon systems is warranted.
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TABLE 1

Relative Viscosities of Nylon 11 Fibers Extruded

at Temperatures Shown and Dissolved

in m-Cresol at 500C.

[conc.= .137 g/dL]

Extrusion
Temperature Relative

OC_ Viscosity

Virgin Pellets 1.14

l 6 1.16

190 1.21

194 1.13

198 1.23



TABLE 2

Comparison of Mechanical Properties of Molded,
Commercially Melt Extruded/Cold-Drawn, and

Solid State (Cold) Extruded Nylon 12.
The Latter at An Extrusion Ratio of
5.5 and M- = 28,600 M : 14,300

Col d- t Cold-
Property Molded * Drawn Extruded

Tensile Modulus (GPa) 1.24 2.9 3.3

Tensile Strength (GPa) .06 .31 .26

Elongation at Break (%) 300 40 38

Modern Plastics Encyclopedia, 1976-77, Vol. 53, No. lOA, pg. 465.

t"Polymer Science & Materials", A.V. Tobolsky and H.F. Mark, eds.,

Interscience, New York, (1971) pg. 245.



CAPTIONS -7OR FIGURES

1. Wide anqle x-ray pnotoqraphs of (a) nylon 12 and (b) nylon 11 solid state

extruded fibers. Fiber axis vertical.

2. Extrudate length vs. extrusion time for nylon 11 fibers crystallized and

extruded at 0.24 GPa (lower curves) and 0.49 GPa pressures and at temp-

eratures shown.

3. Extrudate length vs. extrusion time for nylon 11 fiber both vacuum dried

anc non-dried prior to processing. Crystallized at 194 C and 0.24 GPa;

4.-: .truded ,z 19a0 C and 0.49 GPa.

4. Ftrubate lengtn vs. extrusion time for a nylon 11 fiber without pulling

;zrianqles) and with a 5 kg weight attached to the emerging extrudate

:ircies). Crysta-lized at 194 0C and 0.24 GPa; extruded at 194 0C and

0.49 GPa.

5. Cr.,,staline meltin. p.in- vs. extrusion ratio (ER) for a nylon 11 fiber

crystal'ized A '- j.'i 0.24 GPa; extruded at 194 0C and 0.49 GPa.

- ii undrddn iaterial.

6 :,r cryvstainity vs. FR for a nylon 11 fiber crystallized at 194 0 C

aq ' ,j.24 Ua; extruded at 1940C and 0.49 GPa. ER = is undrawn material.

... r)!- fusLior vs - fo, a nylon 11 fiber crystallized at 1940C and

C, a '.C and 0.49 GPa. ER 1 I is undrawn material.

,on , modulus vs. ER for a nylon 11 fiber crystallized at 1940C and

. ,ruded at MC and .4_ GPa.

9. Extrudate length vs. extrusion time for nylon 12 fibers crystallized at

,,;) ,rid K) ,! CPa; extruded at 0.49 GPa and at temperatures shown.



10. Crystalline melting point and percent crystallinity vs. crystallization/

extrusion pressure for nylon 12 fibers. Crystallization/extrusion temp-

erature: 1780C. Measurements taken at an ER = 4.

11. Crystalline melting point and percent crystallinity vs. crystallization/

extrusion temperature for nylon 12 fibers. Crystallization/extrusion

pressure: 0.24 GPa. Measurements taken at an ER = 4.

12. Crystalline melting point and percent crystallinity vs. ER for nylon 12

fibers crystallized and extruded at 1780C and 0.24 GPa. ER = 1 is undrawn

material.

13. Entropy of fusion vs. ER for nylon 12 fibers crystallized and extruded

at 1780C and 0.24 GPa. ER = 1 is undrawn material.

14. Linear expansion coefficients (slopes) of melt extruded and solid state

extruded (ER = 5) nylon 12 fibers. Solid state extruded fiber crystallized

at 1860C and 0.24 GPa; extruded at 176°C and 0.49 GPa.

15. Temperature cycling of a nylon 12 fiber in the thermomechanical analyzer.

Three cycles shown: heating, cooling and reheating. Slope of the plot

is the linear expansion coefficient.

16. Young's modulus vs. ER for a nylon 12 fiber crystallized at 1840C and

0.24 GPa and extruded at 182°C and 0.49 GPa.

17. SEM photographs of solid state extruded nylon 12 fibers fractured (peeled)

under liquid nitrogen along draw direction which is horizontal. ER = 7.



18. SEM photographs of solid state extruded nylon 12 fibers at higher magni-

fication than in Figure 17.

19. Comparison of two nylon 12 fibers photographed over print. Top, melt

extruded; bottom, solid state extruded.
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